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Abstract
1. Coral reef food webs are complex, vary spatially and remain poorly understood. 
Certain large predators, notably sharks, are subsidized by pelagic production on 
outer reef slopes, but how widespread this dependence is across all teleost fishery 
target species and within atolls is unclear.
2. North Malé Atoll (Maldives) includes oceanic barrier as well as lagoonal reefs. Nine 
fishery target predators constituting ca. 55% of the local fishery target species 
biomass at assumed trophic levels 3–5 were selected for analysis. Data were de-
rived from carbon (δ13C), nitrogen (δ15N) and sulphur (δ34S) stable isotopes from 
predator white dorsal muscle samples, and primary consumer species represent-
ing production source end-members.
3. Three-source Bayesian stable isotope mixing models showed that uptake of pe-
lagic production extends throughout the atoll, with predatory fishes showing 
equal planktonic reliance between inner and outer edge reefs. Median plankton 
contribution was 65%–80% for all groupers and 68%–88% for an emperor, a jack 
and snappers.
4. Lagoonal and atoll edge predators are equally at risk from anthropogenic and cli-
mate-induced changes, which may impact the linkages they construct, highlighting 
the need for management plans that transcend the boundaries of this threatened 
ecosystem.
K E Y W O R D S
climate change, connectivity, foraging, plankton, stable isotopes, trophic ecology, 
trophodynamics
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1  | INTRODUC TION
Until recently, species interactions and nutrient transfer across 
habitat boundaries and the impact of species declines beyond 
individual ecosystems were seldom considered (Lundberg & 
Moberg, 2003). However, ecosystems are now recognized to be 
linked by flows of organisms and energetic materials (Huxel & 
McCann, 1998), yet understanding the trophodynamics (the flow 
of energy) (Lindeman, 1942) of a food web is challenging, particu-
larly for complex marine systems such as coral reefs where spatial 
variation can be high (Bierwagen, Heupel, Chin, & Simpfendorfer, 
2018).
Once thought to be somewhat ecologically closed (Hamner, 
Colin, & Hamner, 2007; Odum & Odum, 1955), coral reef ecosys-
tems are subject to upwelling and tidal energy, which drive an ex-
change of plankton, water and nutrients with the ocean (Hamner 
et al., 2007; Lowe & Falter, 2015). Phytoplankton, a bottom-up 
driver of ocean productivity, is often more abundant near islands 
and atolls (Doty & Oguri, 1956; Gove et al., 2016). Since Darwin 
(1842), it has been hypothesized that the surrounding ocean pro-
vides a major source of nutrition to coral reef communities. Fish on 
outer reef edges can benefit from this exogenous source (Wyatt, 
Falter, Lowe, Humphries, & Waite, 2012), but intense feeding by 
outer reef communities (Genin, Monismith, Reidenhbach, Yahel, & 
Koseff, 2009) means the energetic material seaward of the reef is 
different from that in lagoons (Hamner et al., 2007). Furthermore, 
various hydrodynamic processes are needed to deliver ocean 
water into the lagoons (Lowe, Falter, Monismith, & Atkinson, 
2009), suggesting lagoonal reef fish may not have access to the 
same resources.
Reef fish communities demonstrate increased reliance on 
oceanic production seaward of the reef but greater reliance on 
reef production inshore and into lagoons (Le Bourg et al., 2017; 
Gajdzik, Parmentier, Sturaro, & Frédérich, 2016; Wyatt, Waite, 
& Humphries, 2012), indicating that the quantity and quality of 
food available to inner reef fish varies substantially (Wyatt, Waite, 
et al., 2012). Variation in nutrient availability and content to the 
inner and outer reef habitats may lead to spatial differences in reef 
communities. Indeed, planktivorous fish communities are more 
abundant with increasing proximity to the ocean (Friedlander, 
Sandin, DeMartini, & Sala, 2010). Aggregations of these planktivo-
rous fish, the “wall of mouths” (Hamner, Jones, Carleton, Hauri, & 
Williams, 1988), form on the outer edge of many reefs where they 
take advantage of increased plankton prey abundances (Wyatt, 
Lowe, Humphries, & Waite, 2013). The community structure of a 
coral reef is thus heavily influenced by the adjacent ocean (Garcia, 
Pelletier, Carpentier, Roman, & Bockel, 2018; Letourneur, 1996; 
Lowe & Falter, 2015). Oceanic productivity is a key driver of fore-
reef fish biomass (Robinson et al., 2017; Williams et al., 2015), but 
quantitative estimates of its contribution to lagoonal reef fish bio-
mass are lacking.
Highly mobile reef predators often rely on production sources 
from outside their primary habitat (McCauley, Young, et al., 2012; 
Papastamatiou, Meyer, Kosaki, Wallsgrove, & Popp, 2015) and bene-
fit from the aggregations of planktivores (Matley et al., 2018). Some 
of these predators are partly reliant on oceanic energy fluxes (Frisch, 
Ireland, & Baker, 2014; Frisch et al., 2016; McCauley, Young, et al., 
2012), while others are supported by benthic primary production 
(Hilting, Currin, & Kosaki, 2013). To date, most of the understanding 
of these food web relationships comes from studies of reef sharks 
or from outer forereef slope communities (Frisch et al., 2014, 2016; 
McCauley, Young, et al., 2012; Papastamatiou, Friedlander, Caselle, 
& Lowe, 2010). This raises the question of the ubiquity of planktonic 
reliance in reef fishery target predator communities and whether it 
extends to those in atoll lagoons.
With climate change, oceanic productivity is projected to decline 
particularly at low latitudes (Moore et al., 2018) and reef predators 
could be affected. Yet, the extent of coral reef fishery target species 
reliance on pelagic production, particularly inside atoll lagoons, is 
little known. Our study aimed to: (1) determine the level of contribu-
tion of planktonic production sources to fishery target reef predator 
biomass and (2) identify whether this varies between inner lagoonal 
and outer atoll edge reefs, and among species. In order to address (1), 
we had to assess fishery target predator species prevalence and bio-
mass across the atoll. We hypothesize that planktonic reliance will 
be greater along outer edge reefs with reduced reliance in the lagoon 
where predators will rely more on reef-based production sources.
2  | MATERIAL S AND METHODS
2.1 | Study site
The Maldives consists of 16 atolls comprising ocean-facing edge reefs 
and enclosed lagoons with patch reefs (Naseer & Hatcher, 2004). The 
coral reef area is small (8,920 km2) (Spalding, Ravilious, & Green, 2001), 
while the pelagic ocean area within the Exclusive Economic Zone cov-
ers ~1 million km2 (FAO, 2006). Ocean current flow direction fluctu-
ates with the monsoon. During the Northeast Monsoon, the current 
flows to the west increasing productivity on the west coast (Sasamal, 
2007), while during the Southwest Monsoon, the currents flow to the 
east increasing primary productivity on the eastern side (Anderson, 
Adam, & Goes, 2011). Fieldwork was conducted in North Malé Atoll 
(4°18′34.5″N, 73°25′26.4″E), which is located on the eastern side of 
the archipelago from January to April 2017 (NE Monsoon). The atoll 
was divided into two areas: inner atoll/lagoon and outer atoll/edge reef.
2.2 | Predator community assessments
Underwater visual census (UVC) was used to quantify fishery target 
predator biomass. Underwater visual census was conducted at 40 
sites (20 in each area) covering 50,000 m2. These reef fish predators 
(hereafter “predators”) were mostly piscivore apex predators occupy-
ing the upper level of the food chain at assumed trophic positions ≥3. 
Predators were classified as fishery target species based on current 
practice in the Maldives from visits to the Malé fish market (C. Skinner, 
personal observation) and from Sattar, Wood, Islam, and Najeeb 
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(2014). Only forereef habitat was surveyed. At each site, five 50 × 5 m 
transects were laid haphazardly (minimum 5 m apart) but parallel to 
the reef at 3–10 m depth. Abundance and size (cm) of all predators 
were recorded. Predators were characterized based on their behav-
iour as more mobile or more site-attached (Brock, 1982). Two observ-
ers recorded the predator assemblage; the first laid the transect and 
recorded mobile species, and the second searched for cryptic, site-at-
tached species, for example smaller Serranidae. The same observers 
were used throughout the surveys to prevent observer bias (Willis & 
Babcock, 2000). Site-level averages of fish biomass were calculated. 
All UVC fishery target predator biomass data were calculated using 
length–weight relationships available on FishBase (http://fishb ase.
org) with the exception of Aethaloperca rogaa where length–weight 
relationships were taken from Mapleston et al. (2009).
2.3 | Fish collection
Fish were collected opportunistically from sites across inner and 
outer atoll areas for stable isotope analysis (Figure 1). Total length 
(cm) of each individual was recorded. Samples (1–2 g wet mass) of 
white muscle tissue from the dorsal musculature adjacent to the dor-
sal fin were removed. White dorsal muscle was used because it is 
less variable in δ13C and δ15N than other tissues (Pinnegar & Polunin, 
1999).
Sampled predators were selected based on their prevalence in 
UVC data, presence in both inner and outer atoll areas, inclusion of 
species from the dominant fishery target families, and their high tro-
phic position. Nine species belonging to four families were sampled: 
groupers (Serranidae: A. rogaa, redmouth grouper, n = 22; Anyperodon 
leucogrammicus, slender grouper, n = 20; Cephalopholis argus, pea-
cock grouper, n = 21; Cephalopholis miniata, coral hind, n = 21), snap-
pers (Lutjanidae: Aphareus furca, jobfish, n = 8; Lutjanus bohar, red 
snapper, n = 13; Lutjanus gibbus, humpback snapper, n = 22), emper-
ors (Lethrinidae: Lethrinus obsoletus, orange-striped emperor, n = 5) 
and jacks (Carangidae: Caranx melampygus, bluefin trevally, n = 16). 
Predators were captured using rod and reel, handlines and pole 
spears. Where possible (e.g. when caught using handlines), sampling 
was non-lethal using 4-mm biopsy punches (Henderson, Stevens, & 
Lee, 2016).
Different primary producers vary in ratios of δ13C and δ34S, with 
distinct values typically associated with benthic versus planktonic 
algae (France, 1995) and marine habitat types, respectively. Food 
web analysis typically uses δ13C, but δ34S helps to discriminate 
between different production pathways as there is often greater 
variability in mean S isotopic value of sources compared to C or 
N (Connolly, Guest, Melville, & Oakes, 2004). Here, food sources 
were characterized through sampling a range of primary consum-
ers that feed on specific food groups. Primary consumers can be 
used as a reference baseline for elucidating trophic positions in the 
food web with greater certainty than those of primary producers as 
they incorporate variability and have slower tissue turnover times 
(Cabana & Rasmussen, 1996; Vander Zanden & Rasmussen, 1999). 
Primary consumers were chosen based on dietary information from 
the published literature. Six energy pathways were represented: (a) 
benthic algae (Acanthurus leucosternon, powderblue surgeonfish, 
6 inner, 11 outer (Robertson, Polunin, & Leighton, 1979)); (b) hard 
corals (Chaetodon meyeri, scrawled butterflyfish, 5 inner, 11 outer 
(Sano, 1989)); (c) detritus (Pearsonothuria graeffei, blackspotted sea 
cucumber, 7 inner, 8 outer (Purcell, Samyn, & Conand, 2012)); (d) 
diurnal plankton (Caesio xanthonota, yellowback fusilier, 11 inner, 
2 outer (Bellwood, 1988); Caesio varilineata, variable-lined fusilier, 
12 inner (Bellwood, 1988); Decapterus macarellus, mackerel scad, 
20 inner (Smith-Vaniz, 1995); Pterocaesio pisang, banana fusilier, 12 
inner (Bellwood, 1988)); (e) nocturnal plankton (Myripristis violacea, 
lattice soldierfish, 11 inner, 6 outer (Hobson, 1991)); and (f) diel ver-
tically migrating (DVM) plankton (Uroteuthis duvaucelii, Indian Ocean 
squid, 7 outer (Islam, Hajisamae, Pradit, Perngmak, & Paul, 2018)). 
Although an effort was made to consistently sample primary con-
sumers, U. duvaucelii does not feed directly on DVM plankton but on 
small crustaceans and fishes (e.g. bottom-dwelling sea robins, Trigla 
sp. (Islam et al., 2018)). However, they reside at depths of 30–170 m 
and feed primarily at night when they migrate to shallower waters, 
so they were considered a suitably representative proxy for DVM 
plankton. Several species of planktivores were sampled to control 
for the greater variability occurring across plankton communities. 
F I G U R E  1   Fish sampling sites in inner lagoonal and outer edge 
reef areas of North Malé Atoll. Inset is Republic of the Maldives
0 52.5 Kilometres
Area
Inner
Outer
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Primary consumer species were collected using pole spears or from 
Malé fish market.
2.4 | Stable isotope analysis
Tissue samples were oven-dried at 50°C for 24 hr and then 
freeze-dried before grinding to a homogenous powder using 
a pestle and mortar. Approximately 2.5 mg was weighed into 
3 × 5 mm tin capsules and analysed for δ13C, δ15N and δ34S 
using a PyroCube elemental analyser (Elementar) interfaced 
with an Elementar VisION IRMS at the NERC Life Sciences Mass 
Spectrometry Facility, East Kilbride, UK. Stable isotope ratios 
are reported using the delta (δ) notation with measured values 
expressed in per mil (‰), where δ is [(Rsample/Rstandard) – 1] x 
1000 and R is the ratio of heavy to light isotope (e.g. 13C/12C). 
Four international reference materials were used at the start 
and end of each C/N/S run and three internal reference materi-
als every ten samples to ensure accuracy and correct for drift 
(Table S1). Analytical precision (SD) for international standard 
USGS40 was 0.1 and 0.2 for δ13C and δ15N, respectively, and for 
IAEA-S1, IAEA-S2 and IAEA-S3, it was 0.2, 0.6 and 1.5 for δ34S, 
respectively. Analytical precision (SD) for internal reference ma-
terials M2, MSAG2 and SAAG2 was 3.2, 0.1 and 0.1 for δ13C, 
3.2, 0.2 and 0.1 for δ15N and 1.7, 0.5 and 0.5 for δ34S, respec-
tively. Accuracy between runs was assessed using a randomly 
spaced study-specific reference (mature A. leucogrammicus, 
TL = 41.4 cm). Analytical precision (SD) was 0.1 for δ13C, 0.3 for 
δ15N and 0.7 for δ34S.
Carbon stable isotope data were lipid-corrected arithmetically 
when the C:N ratio of the muscle tissue was >3.7 using the mass 
balance equation of Sweeting, Polunin, and Jennings (2006):
Lipid corrections were applied to only 20 predator samples 
(A. rogaa, C. melampygus, C. miniata, L. gibbus) and 12 primary 
consumer samples (exclusively P. graeffei). Mean (SD) differ-
ences in δ13C values after correction were 1.2 (1.0) and 1.0 (0.9), 
respectively.
2.5 | Statistical analyses
All analyses were carried out using r Statistical Software version 
3.5.1 (R Development Core Team, 2010) and RStudio version 1.1.383 
(RStudio Team, 2012).
Predator abundance data were square-root-transformed, and a 
Bray–Curtis similarity matrix was made. Using the “vegan” r package 
(Oksanen et al., 2018), differences in predator abundances between 
areas were assessed using a perMANOVA with 999 permutations. 
Species contributing to these differences were identified using 
SIMPER analysis.
Bayesian stable isotope mixing models were run using the 
r package “MixSiar” (Stock & Semmens, 2016a) to ascertain the 
predators' principal food sources. Each model was run using three 
tracers (δ13C, δ15N and δ34S) with area (inner/outer) as a fixed factor 
and species as a random factor. The error term Residual * Process 
was selected as residual error incorporates potential variation in-
volving consumers, for example differences in metabolic rate or di-
gestibility, while process error incorporates variation related to the 
sampling process (e.g. L. bohar n = 1 sample size in the outer atoll) 
(Stock & Semmens, 2016b). Models were run using the “very long” 
MCMC parameters. Model convergence was assessed using the 
trace plots and the Gelman–Rubin and Geweke diagnostic tests.
Source contribution estimates can be highly uncertain when 
there are too many sources (Ward, Semmens, Phillips, Moore, & 
Bouwes, 2011). For the best separation of source contributions, it is 
recommended that sources are combined prior to analysis based on 
biological knowledge and similar isotopic values (a priori) or, where 
source isotope values differ, that estimated proportional contri-
butions are combined following analysis (a posteriori) (Phillips, 
Newsome, & Gregg, 2005). Here, sources were represented by the 
sampled primary consumer species. Sources were combined a priori 
when (a) they were the same species or they represented the same 
food source and (b) there were no significant differences in their 
isotope values. δ13C, δ15N and δ34S values of the (a) primary con-
sumer species sampled in both inner and outer atoll areas and (b) 
the four diurnal planktivore species were compared using ANOVAs 
or, where data did not conform to normality or homoscedasticity, 
Kruskal–Wallis tests. In some cases, source isotope values may be 
statistically different even when they have similar isotope values. 
When this occurred, the mean isotope values of each source were 
calculated. If the difference in the mean values was small (~1‰), 
they were combined a priori (Phillips et al., 2014).
A mean isotopic value and standard deviation was determined 
for each group to represent the different sources in the mixing mod-
els. Several sources were then combined a posteriori. This approach 
allows each individual source to be included in the running of the 
model while combining sources after may provide a narrower com-
bined distribution with greater biological relevance (Phillips et al., 
2014, 2005). Differences in the δ13C, δ15N and δ34S values of the 
reef-based group and planktonic source group were assessed using 
a Kruskal–Wallis test.
Trophic discrimination factors (TDF, Δ) vary depending on 
many factors, and inappropriate TDF can result in misinterpre-
tations. Because of this, four models were run using different 
TDFs. Trophic discrimination factors were chosen as they were 
calculated based on white muscle tissue from upper trophic level 
predatory fish in marine environments, and when plotted, the 
consumer data were inside the polygon made by the source data. 
Model 1 used in situ values field-estimated from Palmyra Atoll for 
Δδ13C and Δδ15N: +1.2 (SD ± 1.9) and +2.1 (SD ± 2.8), respectively 
(McCauley, Young, et al., 2012). Little published information is 
available on Δδ34S, but it is thought to be around 0‰ (Peterson & 
Fry, 1987). In a feeding study of European sea bass (Dicentrarchus 
(1)훿protein=
(
훿sample×C:Nsample
)
+
(
7×
(
C:Nsample−C:Nprotein
))
C:Nsample
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labrax), Barnes and Jennings (2007) calculated Δδ34S to be −0.53 
(SD ± 0.04), but it ranged from −1.59 to +0.26. Therefore, Δδ34S 
SD was increased to 1.0 to incorporate this variability and provide 
additional model parameter space. Model 2 used the Δδ13C = +0.4 
(SD ± 0.2) and Δδ15N = +2.3 (SD ± 0.3) for aquatic environments 
from McCutchan, Lewis, Kendall, and McGrath (2003) and the 
same Δδ34S as model 1. Model 3 used values from Vander Zanden, 
Casselman, and Rasmussen (1999) for carnivores, Δδ13C = +0.9 
(SD ± 1.0) and Δδ15N = +3.2 (SD ± 0.4) and the same Δδ34S as model 
1. Model 4 used Δδ13C + 1.2 (SD ± 1.9) and Δδ15N + 2.1 (SD ± 2.8) 
from McCauley, Young, et al. (2012) and a Δδ34S of +1.9 (SD ± 0.51) 
for aquatic environments from McCutchan et al. (2003); however, 
the model did not converge and the consumer source data were 
outside the source mixing polygon.
The predictive accuracy of the different models was compared 
using the r package “loo” (Vehtari, Gabry, Yao, & Gelman, 2018) 
(Table S5). Leave-one-out-cross-validation (LOO) assesses Bayesian 
model prediction accuracy (Vehtari, Gelman, & Gabry, 2017). The 
model with the lowest LOO value and the highest Akaike weight 
was model 1, which is presented in the results (Stock et al., 2018). 
However, the same patterns remained with the different TDFs 
(Figure S2). Although median values of plankton contributions vary, 
the fundamental concepts are consistent: (a) planktonic reliance is a 
significant contributor to fishery target reef predator biomass, and 
(b) this reliance extends into inner atoll areas.
3  | RESULTS
Of 30 fishery target species in five families recorded by UVC, nine in 
four families were sampled for stable isotope analysis in both inner 
and outer atoll areas (Figure 1). The average predator biomass (±SD) 
across the study sites was 127.9 ± 107.9 kg/ha (100.3 ± 78.7 kg/ha 
inner; 155.5 ± 126.9 kg/ha outer). The sampled species constituted 
58% of the predator assemblage (60% or 60.6 ± 39.8 kg/ha inner; 
55% or 84.8 ± 66.2 kg/ha outer). The predator assemblages differed 
between atoll areas (perMANOVA, 999 permutations, p < .01), but 
only one of the sampled predators, A. leucogrammicus, contributed 
significantly to this (SIMPER, p < .01) and it was more abundant in 
the inner atoll. Mean δ13C values (±SE) ranged from −17.1 ± 0.2 to 
−13.3 ± 1.4 (A. rogaa, outer atoll, to L. obsoletus, inner atoll), δ15N 
from 12.1 ± 0.4 to 13.4 ± 0.1 (L. obsoletus, inner atoll, to L. obsoletus, 
outer atoll) and δ34S from 16.2 ± 0.7 to 19.8 ± 0.2 (L. obsoletus, inner 
atoll, to A. rogaa, outer atoll; Figure 2a,b; Table S2).
There were significant differences in isotopic data of three pri-
mary consumer species between atoll areas: C. meyeri (hard coral) 
(ANOVA, δ15N: F1,14 = 6.5, p < .05); M. violacea (nocturnal plankton) 
(Kruskal–Wallis, δ15N: 휒2
1,15
 = 4.5, p < .05); and P. graeffei (detritus) 
(ANOVA, δ15N: F1,13 = 4.7, p < .05; δ
13C: F1,13 = 14.9, p < .05; and δ
34S: 
F1,13 = 8.0, p < .05; Table S3). These differences were small (~1‰) so 
these sources were combined a priori (Table S4; Figure S3). There 
were no significant differences between the areas for the remaining 
primary consumer species (ANOVA or Kruskal–Wallis, p > .05). δ15N 
and δ34S values did not differ significantly among diurnal planktivores 
C. varilineata (mean ± SE: δ15N 11.5 ± 0.1; δ34S 19.1 ± 0.2), C. xan‐
thonota (mean ± SE: δ15N 11.6 ± 0.3; δ34S 18.9 ± 0.3), D. macarellus 
(mean ± SE: δ15N 11.7 ± 0.2; δ34S 19.2 ± 0.2) or P. pisang (mean ± SE: 
δ15N 11.5 ± 0.1; δ34S 18.9 ± 0.3) (ANOVA, p > .05) but δ13C values did 
(Kruskal–Wallis, δ13C: 휒2
1,53
 = 30.1, p < .01; Table S3). As the differ-
ences in δ13C values were small (~1‰), these species were combined 
into one food source group (hereafter “Diurnal planktivores” [Table 
S4; Figure S3]).
F I G U R E  2   Mean isotope values (±SE) of (a) δ13C and δ15N and (b) δ13C and δ34S of combined “reef” and “plankton” primary consumer 
groups (circles) sampled to represent different end-members and reef predators sampled in inner atoll and outer atoll. Predators in group 
order: CM = Caranx melampygus, LO = Lethrinus obsoletus, AF = Aphareus furca, LB = Lutjanus bohar, LG = Lutjanus gibbus, AL = Anyperodon 
leucogrammicus, AR = Aethaloperca rogaa, CA = Cephalopholis argus, CM = Cephalopholis miniata
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A posteriori, the food sources (represented by the primary con-
sumers) benthic algae, coral and detritus were combined into one 
“reef” food source group (hereafter “reef” sources), while nocturnal 
plankton, diurnal plankton and DVM plankton were combined into 
one “plankton” food source group. The δ13C and δ15N values of the 
reef-based and planktonic-based primary consumer end-members 
were highly significant different (δ13C: Kruskal–Wallis, 휒2
1
 = 80.6, 
p < .01; and δ15N: 휒2
1
 = 67.9, p < .01, respectively; Figure 2a; Figure 
S3a). Planktonic primary consumers all had more negative δ13C sig-
natures, while reef-based primary consumers had less negative δ13C, 
indicating benthic energy pathways (Figure 2a; Figure S3a). The reef-
based and plankton-based δ34S scarcely differed (휒2
1
 = 1.9, p > .05; 
Figure 2b; Figure S3b).
Mixing models indicated that all nine predators were predom-
inantly (65%–88%) sustained by planktonic food sources in both 
inner and outer atolls (Figure 3; Table S6). Median plankton reliance 
was highest for L. obsoletus in the inner atoll (88%) and lowest for 
C. argus in the outer atoll (65%). Differences in reliance between 
areas for each species were small and ranged from 0.1% to 11%.
Groupers in both areas derived 65%–80% of their biomass 
from planktonic food sources, while reef sources contributed only 
20%–35%. Between areas, contributions did not vary by more than 
6%. A. rogaa had higher median planktonic reliance in the outer atoll 
(80% outer, 74% inner), while C. argus had higher median reliance in 
the inner atoll (70% inner, 65% outer). Median values for A. leuco‐
grammicus and C. miniata were equal in both atoll areas (75% both; 
72% inner, 73% outer, respectively). Credible intervals were similar 
for all four grouper species.
The median planktonic reliance range of snappers, emperor and 
jack was 68%–88%. Both A. furca and L. gibbus had higher median 
planktonic reliance in the outer atoll than in the inner atoll (75% 
outer, 68% inner; 84% outer, 73% inner, respectively), whereas 
L. bohar had a slightly higher median reliance on plankton in the inner 
atoll (77% inner, 73% outer). Lethrinus obsoletus had almost equal 
median planktonic reliance in both areas (86% inner, 88% outer). Of 
all the predators, L. gibbus had the biggest difference in median reli-
ance between atoll areas (11%). Credible intervals for L. gibbus were 
small, while those for L. obsoletus and outer atoll L. bohar were larg-
est. Caranx melampygus had greater median plankton reliance in the 
inner atoll (73% inner, 69% outer), and credible intervals were similar 
to the groupers. There was substantial overlap in the proportional 
planktonic contribution estimates of all the predators in both areas.
4  | DISCUSSION
Planktonic production was the primary contributor to reef fishery 
target predator biomass regardless of proximity to the open ocean. 
These results add to growing evidence (Frisch et al., 2014; McCauley, 
Young, et al., 2012; Wyatt, Waite, et al., 2012) that oceanic produc-
tivity is crucial for sustaining the biomass of many coral reef fish 
communities; this planktonic dependence is prevalent among the 
main predators, and in the present case, it clearly extends to la-
goonal reefs. These identified linkages are not necessarily ubiqui-
tous to coral reef systems, however. In the Northwestern Hawaiian 
Islands, over 90% of apex predator biomass was sustained by benthic 
primary production (Hilting et al., 2013), highlighting how trophody-
namics may vary substantially spatially, even among similar systems.
Plankton was the predominant contributor to biomass for all 
of the predators sampled. These predator families have a known 
reliance on nekton (Kulbicki et al., 2005). Given the high diver-
sity and biomass of planktivores on Maldivian reefs (McClanahan, 
2011; Moritz et al., 2017) and the relatively small home ranges of 
the sampled predators (Karkarey, Alcoverro, Kumar, & Arthur, 2017; 
Sattar, 2009; Sluka & Reichenbach, 1995), we hypothesize that they 
link adjacent pelagic and reef ecosystems by primarily feeding on 
F I G U R E  3   Results of Bayesian mixing 
model with applied trophic discrimination 
factors, which determined the plankton 
source contribution to the nine reef 
predators in both inner and outer atolls. 
Thick bars represent credible intervals 
25%–75%, while thin bars represent 
2.5%–97.5%. Black dots represent the 
medians (50%)
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planktivorous prey. Cross-system linkages, similar to those found 
here, are increasingly being documented. In the Solomon Islands, 
the piscivorous coral trout Plectropomus leopardus is sustained by 
feeding on planktivorous fish (Greenwood, Sweeting, & Polunin, 
2010). In Palmyra Atoll, a circuitous ecological interaction chain was 
discovered where δ15N from seabird guano over preferred native 
forests led to increased abundances and biomasses of zooplankton 
in adjacent waters (McCauley, Desalles, et al., 2012). Similarly in the 
Chagos Archipelago, on islands free of invasive rats, seabird densi-
ties were higher, leading to increased N deposition from offshore 
foraging, increasing reef fish community biomass (Graham et al., 
2018). These semi-pristine environments provide an opportunity to 
identify these linkages and determine how anthropogenic and cli-
mate-induced impacts may affect them.
The high degree of planktonic dependence in predators on la-
goonal reefs suggests that planktonic resources are readily available 
across both atoll areas. Similarly, coral host and POM δ13C and δ15N 
did not differ between inner and outer reefs in the central Maldives 
(Radice et al., 2019). Although there is little published information 
on the internal hydrodynamics of North Malé Atoll, these results 
suggest that lagoonal waters are providing planktonic subsidies to 
inner reef communities, but it is unclear whether they come from 
outside the atoll or from internal hydrodynamic characteristics of 
the lagoon. In Palmyra Atoll, inner and outer regions are well con-
nected by a range of hydrodynamic processes (Rogers, Monismith, 
Fringer, Koweek, & Dunbar, 2017). Mixing inside lagoons arises from 
wave forcing over reef crests and vortices, generated from the wake 
of flow separation from currents hitting the atoll, help to redistrib-
ute water to different regions (Rogers et al., 2017). Internal waves 
and surface downwelling are also key distributors of particulate-rich 
waters (Williams et al., 2018). However, these findings are in con-
trast to Ningaloo, Western Australia, and Mo'orea, French Polynesia, 
where δ13C and fatty acids of reef fish (Wyatt, Waite, et al., 2012) 
and the δ13C, δ15N and δ34S of damselfish (Gajdzik et al., 2016), re-
spectively, showed a gradient in oceanic reliance, decreasing into 
the lagoons. While the lagoons of both Ningaloo and Mo'orea are 
fairly constricted, North Malé lagoon is substantially more open. We 
hypothesize that the porosity and open nature of the atoll render la-
goonal conditions similar to the open ocean. Future work to identify 
how nutrients circulate and enter into the lagoons would allow this 
transfer of energetic materials to be better understood.
The Maldives experiences substantial monsoonal fluctuations 
in productivity (Radice et al., 2019). As such, timing and location of 
sampling may influence the degree of planktonic reliance. Here, sam-
pling occurred on the eastern side of the archipelago during the NE 
season, that is when productivity is supposedly lower. Additionally, 
due to the double chain nature of the Maldivian archipelago, the 
outer atoll sites surveyed were adjacent to other atolls, rather than 
to the pelagic ocean. Despite this, planktonic production was the 
predominant contributor to predator biomass. This further supports 
the hypothesis that the porosity of the atoll allows oceanic resources 
to permeate, and as a result, Maldivian coral reefs are heavily influ-
enced by the open ocean regardless of location and season.
Although interspecific differences in plankton reliance were 
apparent, median values were high and similar between areas for 
each species. Lethrinus obsoletus had the highest plankton reliance in 
both areas (~87%). Emperors often forage over soft bottom habitats 
where they feed on prey such as molluscs and crustaceans (Kulbicki 
et al., 2005). Many of these may reflect planktonic signatures as they 
feed on plankton via filter feeding (Jørgensen, 1966) or in the water 
column at night (McMahon, Thorrold, Houghton, & Berumen, 2016). 
Lethrinus nebulosus on Ningaloo reef slopes also relies on oceanic 
productivity, but in the lagoon, it is sustained by reef-based produc-
tion (Wyatt, Waite, et al., 2012), perhaps further indication that vari-
ation in lagoonal hydrodynamics may influence food web structure. 
Lethrinus obsoletus also had larger credible intervals. While these 
were likely confounded by small sample size (n = inner 3, outer 2), 
they may also reflect variability in the range of isotope values. Inner 
atoll L. obsoletus isotope values covered a broader range (range δ13C: 
4.8‰; δ15N: 1.5‰; and δ34S: 2.3‰) than in the outer atoll (range 
δ13C: 0.2‰; δ15N: 0.2‰; and δ34S: 0.3‰), indicating that individuals 
in the lagoon have a larger isotopic niche than their forereef conspe-
cifics. Niche width depends on the diversity of resources available 
(Araújo, Bolnick, & Layman, 2011). The greater availability of soft 
bottom habitat in the lagoon may offer a wider range of prey.
Outer atoll C. argus had the lowest plankton reliance (65%). 
Cephalopholis argus are generalist predators that prey on a wide range 
of reef-associated fish (Dierking, Williams, & Walsh, 2011; Harmelin-
Vivien & Bouchon, 1976), so greater benthic reliance is probable. 
However, the median value of 65% indicates that two thirds of their 
biomass is supported by planktonic subsidies, higher than expected 
given previous dietary studies. Cephalopholis argus can exhibit foraging 
plasticity (Karkarey et al., 2017) and readily switch prey groups (Shpigel 
& Fishelson, 1989). As such, they may be opportunistically foraging on 
planktivores, a dominant component of Maldivian reefs (McClanahan, 
2011). Similarly on the Great Barrier Reef, Plectropomus species pri-
marily foraged on the most abundant prey families, Pomacentridae and 
Caesionidae, indicating that they were opportunistic generalists (Matley 
et al., 2018). The ability of C. argus to switch prey may confer a compet-
itive advantage, allowing them to survive fluctuations in prey communi-
ties resulting from environmental change (Karkarey et al., 2017).
The predator assemblage differed significantly between areas, 
but only one of the sampled predators, A. leucogrammicus, contrib-
uted significantly. Evidently, the sampled predators constitute an 
important part of the assemblage and are key components of the 
biomass in each area. Furthermore, irrespective of minor differences 
in median plankton reliance, all the predators had substantially over-
lapping credible intervals. Even L. gibbus, where median plankton 
reliance differed most between areas (inner 75%, outer 86%), had 
credible intervals, which overlapped considerably with the other spe-
cies. This may indicate a degree of interspecific competition, raising 
the question of how they partition resources. Further investigation 
of their dietary niches is the recommended next step for this work.
Underwater visual census has been the main method for assess-
ing reef fish populations, but it can undersample more mobile spe-
cies (White, Simpfendorfer, Tobin, & Heupel, 2013; Willis & Babcock, 
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2000). To account for such shortcomings, 50-m transects (a total of 
1,250 m2 surveyed reef at each site from five transects) were used to 
increase the likelihood of encountering mobile predators (McCauley, 
Young, et al., 2012), while baited underwater video deployed in the 
same areas (C. Skinner et al. unpublished data) identified the same 
fish species as the most prevalent.
Multiple primary consumers were sampled to attempt to com-
prehensively characterize the potential production sources at the 
base of the reef food web. Planktivorous primary consumers may 
differ isotopically due to differing preferences among the diverse 
plankton taxa, so several planktivorous primary consumers were 
sampled. Although the primary consumers representing “reef” and 
“plankton” separated out isotopically, future studies would benefit 
from validating each primary consumer by characterizing the food 
source they represent and including multiple primary consumers 
to represent each end-member, for example bristle-toothed sur-
geonfish Ctenochaetus striatus as an alternate detritivore (Tebbett, 
Goatley, Huertas, Mihalitsis, & Bellwood, 2018) or chevron butter-
flyfish Chaetodon trifascialis as an alternate corallivore (McMahon, 
Berumen, & Thorrold, 2012).
Reef predators are important fishery targets, providing food 
security and ecosystem services to millions globally (Cinner et 
al., 2018). Herein, they are found to play an important ecological 
role linking adjacent ecosystems (McCauley, Young, et al., 2012). 
Projected declines in oceanic productivity, particularly at low lati-
tudes (Bopp et al., 2013; Moore et al., 2018), may severely impact 
these Maldivian predators and the linkages they construct. Marine 
protected areas (MPAs) are widely used in coral reef conserva-
tion, but reliance of many reef fish on non-reef production sources 
suggests the protection MPAs offer is susceptible to climate-in-
duced changes. To adequately address these potential impacts 
on coral reef food webs, managers need to move towards man-
agement plans that transcend the boundaries of these threatened 
ecosystems.
ACKNOWLEDG EMENTS
We thank Mike Zhu, Mohamed Arzan, Shameem Ali, Ali Nasheed 
and Nadia Alsagoff for their help with fieldwork and Matthew R 
D Cobain for helpful discussions and advice about Bayesian stable 
isotope mixing models. We also thank the two anonymous review-
ers whose comments greatly improved the paper. All work was 
conducted under research permit (OTHR)30-D/INDIV/2016/515 
granted by the Republic of the Maldives Ministry of Fisheries and 
Agriculture. Newcastle University Animal Welfare and Ethical 
Review Body approved the project (Project ID: 526). Tissue sam-
pling was carried out in compliance with UK Home Office Scientific 
Procedures (Animals) Act Requirements.
AUTHORS'  CONTRIBUTIONS
All persons who qualify under authorship criteria are listed as au-
thors, and all take responsibility for the content of the article. C.S., 
S.P.N. and N.V.C.P. formulated the ideas; C.S., S.P.N., A.C.M. and 
N.V.C.P. developed methodology; C.S. conducted fieldwork; C.S. 
and J.N. processed samples; A.C.M. and C.S. analysed the data; C.S. 
wrote the manuscript; and all authors edited the manuscript.
DATA AVAIL ABILIT Y S TATEMENT 
Data used in this study are available from the Dryad Digital Repos-
itory: https ://doi.org/10.5061/dryad.7jj53hb (Skinner, Newman, 
Mill, Newton, & Polunin, 2019).
ORCID
Christina Skinner  https://orcid.org/0000-0001-8490-2615 
R E FE R E N C E S
Anderson, R. C., Adam, M. S., & Goes, J. I. (2011). From mon-
soons to mantas: Seasonal distribution of Manta alfredi in the 
Maldives. Fisheries Oceanography, 20, 104–113. https ://doi.
org/10.1111/j.1365-2419.2011.00571.x
Araújo, M. S., Bolnick, D. I., & Layman, C. A. (2011). The ecological causes 
of individual specialisation. Ecology Letters, 14, 948–958. https ://doi.
org/10.1111/j.1461-0248.2011.01662.x
Barnes, C., & Jennings, S. (2007). Effect of temperature, ration, 
body size and age on sulphur isotope fractionation in fish. Rapid 
Communications in Mass Spectrometry, 21, 1461–1467. https ://doi.
org/10.1002/rcm.2982
Bellwood, D. R. (1988). Seasonal changes in the size and composition 
of the fish yield from reefs around Apo Island, Central Philippines, 
with notes on methods of yield estimation. Journal of Fish Biology, 
32, 881–893. https ://doi.org/10.1111/j.1095-8649.1988.tb054 
31.x
Bierwagen, S. L., Heupel, M. R., Chin, A., & Simpfendorfer, C. A. (2018). 
Trophodynamics as a tool for understanding coral reef ecosys-
tems. Frontiers in Marine Science, 5, 24. https ://doi.org/10.3389/
fmars.2018.00024 
Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M., 
… Vichi, M. (2013). Multiple stressors of ocean ecosystems in the 
21st century: Projections with CMIP5 models. Biogeosciences, 10, 
6225–6245. https ://doi.org/10.5194/bg-10-6225-2013
Brock, R. E. (1982). A critique of the visual census method for assessing 
coral-reef fish populations. Bulletin of Marine Science, 32, 269–276.
Cabana, G., & Rasmussen, J. B. (1996). Comparison of aquatic food 
chains using nitrogen isotopes. Proceedings of the National Academy 
of Sciences of the United States of America, 93, 10844–10847. https ://
doi.org/10.1073/pnas.93.20.10844 
Cinner, J. E., Maire, E., Huchery, C., MacNeil, M. A., Graham, N. A. J., 
Mora, C., … Mouillot, D. (2018). Gravity of human impacts mediates 
coral reef conservation gains. Proceedings of the National Academy of 
Sciences of the United States of America, 115(27), E6116–E6125. https 
://doi.org/10.1073/pnas.17080 01115 
Connolly, R. M., Guest, M. A., Melville, A. J., & Oakes, J. M. (2004). 
Sulfur stable isotopes separate producers in marine food-web 
analysis. Oecologia, 138, 161–167. https ://doi.org/10.1007/
s00442-003-1415-0
Darwin, C., & Jackson, C. (1842). The structure and distribution of coral 
reefs: Being the first part of the geology of the voyage of the ‘Beagle,’ 
under the command of Capt. Fitzroy, R. N., during the years 1832 
to 1836. Journal of the Royal Geographical Society of London, 12, 115. 
https ://doi.org/10.2307/1797986
1572  |    Journal of Animal Ecology SKINNER Et al.
Dierking, J., Williams, I. D., & Walsh, W. J. (2011). Diet composition 
and prey selection of the introduced grouper species peacock hind 
(Cephalopholis argus) in Hawaii. Fishery Bulletin, 107, 464–476.
Doty, M. S., & Oguri, M. (1956). The island mass effect. Journal of 
Conservation, 22, 33–37. https ://doi.org/10.1093/icesj ms/22.1.33
FAO (2006). Review of the state of world marine capture fisheries man-
agement: Indian Ocean. In C. De Young (Ed.), FAO fisheries technical 
paper (p. 458). Rome, Italy: FAO.
France, R. L. (1995). Carbon-13 enrichment in benthic compared to 
planktonic algae: Foodweb implications. Marine Ecology Progress 
Series, 124, 307–312. https ://doi.org/10.3354/meps1 24307 
Friedlander, A. M., Sandin, S. A., DeMartini, E. E., & Sala, E. (2010). Spatial 
patterns of the structure of reef fish assemblages at a pristine atoll 
in the central Pacific. Marine Ecology Progress Series, 410, 219–231. 
https ://doi.org/10.3354/meps0 8634
Frisch, A. J., Ireland, M., & Baker, R. (2014). Trophic ecology of large pred-
atory reef fishes: Energy pathways, trophic level, and implications for 
fisheries in a changing climate. Marine Biology, 161, 61–73. https ://
doi.org/10.1007/s00227-013-2315-4
Frisch, A. J., Ireland, M., Rizzari, J. R., Lönnstedt, O. M., Magnenat, K. 
A., Mirbach, C. E., & Hobbs, J.-P.-A. (2016). Reassessing the trophic 
role of reef sharks as apex predators on coral reefs. Coral Reefs, 35, 
459–472. https ://doi.org/10.1007/s00338-016-1415-2
Gajdzik, L., Parmentier, E., Sturaro, N., & Frédérich, B. (2016). Trophic 
specializations of damselfishes are tightly associated with reef habi-
tats and social behaviours. Marine Biology, 163, 163–249. https ://doi.
org/10.1007/s00227-016-3020-x
Garcia, J., Pelletier, D., Carpentier, L., Roman, W., & Bockel, T. (2018). 
Scale-dependency of the environmental influence on fish β-diver-
sity: Implications for ecoregionalization and conservation. Journal 
of Biogeography, 45, 1818–1832. https ://doi.org/10.1111/jbi. 
13381 
Genin, A., Monismith, S. G., Reidenhbach, M. A., Yahel, G., & Koseff, J. 
R. (2009). Intense benthic grazing of phytoplankton in a coral reef. 
Limnology and Oceanography, 54, 938–951. https ://doi.org/10.5670/
ocean og.2002.25
Gove, J. M., McManus, M. A., Neuheimer, A. B., Polovina, J. J., Drazen, 
J. C., Smith, C. R., … Williams, G. J. (2016). Near-island biological 
hotspots in barren ocean basins. Nature Communications, 7, 10581. 
https ://doi.org/10.1038/ncomm s10581
Graham, N. A. J., Wilson, S. K., Carr, P., Hoey, A. S., Jennings, S., & 
MacNeil, M. A. (2018). Seabirds enhance coral reef productivity and 
functioning in the absence of invasive rats. Nature, 559, 250–253. 
https ://doi.org/10.1038/s41586-018-0202-3
Greenwood, N. D. W., Sweeting, C. J., & Polunin, N. V. C. (2010). 
Elucidating the trophodynamics of four coral reef fishes of the 
Solomon Islands using δ15N and δ13C. Coral Reefs, 29, 785–792. https 
://doi.org/10.1007/s00338-010-0626-1
Hamner, W. M., Colin, P. L., & Hamner, P. P. (2007). Export-import dynam-
ics of zooplankton on a coral reef in Palau. Marine Ecology Progress 
Series, 334, 83–92. https ://doi.org/10.3354/meps3 34083 
Hamner, W. M., Jones, M. S., Carleton, J. H., Hauri, I. R., & Williams, D. 
M. (1988). Zooplankton, planktivorous fish, and water currents on a 
windward reef face: Great Barrier Reef, Australia. Bulletin of Marine 
Science, 42(3), 459–479.
Harmelin-Vivien, M. L., & Bouchon, C. (1976). Feeding behavior of 
some carnivorous fishes (Serranidae and Scorpaenidae) from Tulear 
(Madagascar). Marine Biology, 37, 329–340. https ://doi.org/10.1007/
BF003 87488 
Henderson, C. J., Stevens, T. F., & Lee, S. Y. (2016). Assessing the suitabil-
ity of a non-lethal biopsy punch for sampling fish muscle tissue. Fish 
Physiology and Biochemistry, 42, 1521–1526. https ://doi.org/10.1007/
s10695-016-0237-z
Hilting, A. K., Currin, C. A., & Kosaki, R. K. (2013). Evidence for ben-
thic primary production support of an apex predator–dominated 
coral reef food web. Marine Biology, 160, 1681–1695. https ://doi.
org/10.1007/s00227-013-2220-x
Hobson, E. S. (1991). Trophic relationships of fishes specialized to feed 
on zooplankters above coral reefs. In P. F. Sale (Ed.), The ecology of 
fishes on coral reefs (pp. 69–95). San Diego, CA: Academic Press.
Huxel, G. R., & McCann, K. (1998). Food web stability: The influence of 
trophic flows across habitats. The American Naturalist, 152, 460–469. 
https ://doi.org/10.1086/286182
Islam, R., Hajisamae, S., Pradit, S., Perngmak, P., & Paul, M. (2018). Feeding 
habits of two sympatric loliginid squids, Uroteuthis (Photololigo) chin‐
ensis (Gray, 1849) and Uroteuthis (Photololigo) duvaucelii (d'Orbigny, 
1835), in the lower part of the South China Sea. Molluscan Research, 
38, 155–162. https ://doi.org/10.1080/13235 818.2017.1409066
Jørgensen, C. B. (1966). Biology of suspension feeding. New York, NY: 
Pergamon.
Karkarey, R., Alcoverro, T., Kumar, S., & Arthur, R. (2017). Coping with ca-
tastrophe: Foraging plasticity enables a benthic predator to survive 
in rapidly degrading coral reefs. Animal Behaviour, 131, 13–22. https 
://doi.org/10.1016/j.anbeh av.2017.07.010
Kulbicki, M., Bozec, Y.-M., Labrosse, P., Letourneur, Y., Mou-Tham, G., 
& Wantiez, L. (2005). Diet composition of carnivorous fishes from 
coral reef lagoons of New Caledonia. Aquatic Living Resources, 18, 
231–250. https ://doi.org/10.1051/alr:2005029
Le Bourg, B., Letourneur, Y., Bănaru, D., Blanchot, J., Chevalier, C., 
Mou-Tham, G., … Pagano, M. (2017). The same but different: Stable 
isotopes reveal two distinguishable, yet similar, neighbouring food 
chains in a coral reef. Journal of the Marine Biological Association of the 
United Kingdom, 98(7), 1589–1597. https ://doi.org/10.1017/s0025 
31541 7001370
Letourneur, Y. (1996). Dynamics of fish communities on Reunion fring-
ing reefs, Indian Ocean. I. Patterns of spatial distribution. Journal 
of Experimental Marine Biology and Ecology, 195, 1–30. https ://doi.
org/10.1016/0022-0981(95)00089-5
Lindeman, R. L. (1942). The trophic-dynamic aspect of ecology. Ecology, 
23, 399–417. https ://doi.org/10.2307/1930126
Lowe, R. J., & Falter, J. L. (2015). Oceanic forcing of coral reefs. Annual 
Review of Marine Science, 7(1), 43–66. https ://doi.org/10.1146/annur 
ev-marine-010814-015834
Lowe, R. J., Falter, J. L., Monismith, S. G., & Atkinson, M. J. (2009). 
Wave-driven circulation of a coastal reef-lagoon system. Journal of 
Physical Oceanography, 39, 873–893. https ://doi.org/10.1175/2008J 
PO3958.1
Lundberg, J., & Moberg, F. (2003). Mobile link organisms and ecosys-
tem functioning: Implications for ecosystem resilience and man-
agement. Ecosystems, 6, 0087–0098. https ://doi.org/10.1007/
s10021-002-0150-4
Mapleston, A., Currey, L. M., Williams, A. J., Pears, R., Simpfendorfer, 
C. A., Penny, A. L., …Welch, D. (2009). Comparative biology of key 
inter‐reefal serranid species on the Great Barrier Reef. Project milestone 
report to the marine and tropical sciences research facility (pp. 55). 
Cairns, Australia: Reef and Rainforest Research Centre Limited.
Matley, J. K., Maes, G. E., Devloo-Delva, F., Huerlimann, R., Chua, G., 
Tobin, A. J., … Heupel, M. R. (2018). Integrating complementary 
methods to improve diet analysis in fishery-targeted species. Ecology 
and Evolution, 8(18), 9503–9515. https ://doi.org/10.1002/ece3.4456
McCauley, D. J., Desalles, P. A., Young, H. S., Dunbar, R. B., Dirzo, R., 
Mills, M. M., & Micheli, F. (2012). From wing to wing: The persistence 
of long ecological interaction chains in less-disturbed ecosystems. 
Scientific Reports, 2, 409. https ://doi.org/10.1038/srep0 0409
McCauley, D. J., Young, H. S., Dunbar, R. B., Estes, J. A., Semmens, B. X., 
& Michel, F. (2012). Assessing the effects of large mobile predators 
on ecosystem connectivity. Ecological Applications, 22, 1711–1717. 
https ://doi.org/10.1890/11-1653.1
McClanahan, T. R. (2011). Coral reef fish communities in manage-
ment systems with unregulated fishing and small fisheries closures 
     |  1573Journal of Animal EcologySKINNER Et al.
compared with lightly fished reefs – Maldives vs. Kenya. Aquatic 
Conservation: Marine and Freshwater Ecosystems, 21, 186–198. https 
://doi.org/10.1002/aqc.1172
McCutchan, J. Jr, Lewis, W. Jr, Kendall, C., & McGrath, C. (2003). 
Variation in trophic shift for stable isotope ratios of car-
bon, nitrogen, and sulfur. Oikos, 102, 378–390. https ://doi.
org/10.1034/j.1600-0706.2003.12098.x
McMahon, K. W., Berumen, M. L., & Thorrold, S. R. (2012). Linking habi-
tat mosaics and connectivity in a coral reef seascape. Proceedings of 
the National Academy of Sciences of the United States of America, 109, 
15372–15376. https ://doi.org/10.1073/pnas.12063 78109 
McMahon, K. W., Thorrold, S. R., Houghton, L. A., & Berumen, M. L. 
(2016). Tracing carbon flow through coral reef food webs using a 
compound-specific stable isotope approach. Oecologia, 180, 809–
821. https ://doi.org/10.1007/s00442-015-3475-3
Moore, J. K., Weiwei, F., Primeau, F., Britten, G. L., Lindsay, K., Long, M., 
… Randerson, J. T. (2018). Sustained climate warming drives declin-
ing marine biological productivity. Science Advances, 359, 1139–1143. 
https ://doi.org/10.1126/scien ce.aao6379
Moritz, C., Ducarme, F., Sweet, M. J., Fox, M. D., Zgliczynski, B., Ibrahim, 
N., … Beger, M. (2017). The “resort effect”: Can tourist islands act as 
refuges for coral reef species? Diversity and Distributions, 23, 1301–
1312. https ://doi.org/10.1111/ddi.12627 
Naseer, A., & Hatcher, B. G. (2004). Inventory of the Maldives coral reefs 
using morphometrics generated from Landsat ETM+ imagery. Coral 
Reefs, 23, 161–168. https ://doi.org/10.1007/s00338-003-0366-6
Odum, H. T., & Odum, E. P. (1955). Trophic structure and productivity 
of a windward coral reef community on Eniwetok Atoll. Ecological 
Monographs, 25, 291–320. https ://doi.org/10.2307/1943285
Oksanen, J., Blanchet, G. F., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., … Wagner, H. (2018). vegan: Community ecology package. R pack-
age version 2.5-2. Retrieved from https ://CRAN.R-proje ct.org/packa 
ge=vegan 
Papastamatiou, Y. P., Friedlander, A. M., Caselle, J. E., & Lowe, C. G. 
(2010). Long-term movement patterns and trophic ecology of black-
tip reef sharks (Carcharhinus melanopterus) at Palmyra Atoll. Journal 
of Experimental Marine Biology and Ecology, 386, 94–102. https ://doi.
org/10.1016/j.jembe.2010.02.009
Papastamatiou, Y. P., Meyer, C. G., Kosaki, R. K., Wallsgrove, N. J., & 
Popp, B. N. (2015). Movements and foraging of predators associated 
with mesophotic coral reefs and their potential for linking ecological 
habitats. Marine Ecology Progress Series, 521, 155–170. https ://doi.
org/10.3354/meps1 1110
Peterson, B. J., & Fry, B. (1987). Stable isotopes in ecosystem studies. 
Annual Review of Ecology and Systematics, 18, 293–320. https ://doi.
org/10.1146/annur ev.ecols ys.18.1.293
Phillips, D. L., Inger, R., Bearhop, S., Jackson, A. L., Moore, J. W., Parnell, 
A. C., … Ward, E. J. (2014). Best practices for use of stable isotope 
mixing models in food-web studies. Canadian Journal of Zoology, 92, 
823–835. https ://doi.org/10.1139/cjz-2014-0127
Phillips, D. L., Newsome, S. D., & Gregg, J. W. (2005). Combining sources 
in stable isotope mixing models: Alternative methods. Oecologia, 144, 
520–527. https ://doi.org/10.1007/s00442-004-1816-8
Pinnegar, J. K., & Polunin, N. V. C. (1999). Differential fractionation of 
delta C-13 and delta N-15 among fish tissues: Implications for the 
study of trophic interactions. Functional Ecology, 13, 225–231. https 
://doi.org/10.1046/j.1365-2435.1999.00301.x
Purcell, S. W., Samyn, Y., & Conand, C. (2012). Commercially important 
sea cucumbers of the world. In FAO species catalogue for fishery pur‐
poses (p. 150). Rome, Italy: FAO.
R Development Core Team (2010). R: A language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing.
Radice, V. Z., Hoegh-Guldberg, O., Fry, B., Fox, M. D., Dove, S. G., & 
Dorrepaal, E. (2019). Upwelling as the major source of nitrogen for 
shallow and deep reef-building corals across an oceanic atoll system. 
Functional Ecology, https ://doi.org/10.1111/1365-2435.13314 
Robertson, D. R., Polunin, N. V. C., & Leighton, K. (1979). The behavioral 
ecology of three Indian Ocean surgeonfishes (Acanthurus lineatus, A. 
leucosternon and Zebrasoma scopas): Their feeding strategies, and so-
cial and mating systems. Environmental Biology of Fishes, 4, 125–170. 
https ://doi.org/10.1007/BF000 05448 
Robinson, J. P., Williams, I. D., Edwards, A. M., McPherson, J., Yeager, L., 
Vigliola, L., … Baum, J. K. (2017). Fishing degrades size structure of 
coral reef fish communities. Global Change Biology, 23, 1009–1022. 
https ://doi.org/10.1111/gcb.13482 
Rogers, J. S., Monismith, S. G., Fringer, O. B., Koweek, D. A., & Dunbar, 
R. B. (2017). A coupled wave-hydrodynamic model of an atoll with 
high friction: Mechanisms for flow, connectivity, and ecological im-
plications. Ocean Modelling, 110, 66–82. https ://doi.org/10.1016/j.
ocemod.2016.12.012
RStudio Team (2012). RStudio: Integrated Development for R. Boston, MA: 
RStudio.
Sano, M. (1989). Feeding habits of Japanese butterflyfishes 
(Chaetodontidae). Environmental Biology of Fishes, 25, 195–203. https 
://doi.org/10.1007/BF000 02212 
Sasamal, S. K. (2007). Island wake circulation off Maldives during bo-
real winter, as visualised with MODIS derived chlorophyll-a data and 
other satellite measurements. International Journal of Remote Sensing, 
28, 891–903. https ://doi.org/10.1080/01431 16060 0858459
Sattar, S. A. (2009). Reef fish tagging programme – Baa Atoll pilot project 
(p. 39). Malé, Maldives: Marine Research Centre/Atoll Ecosystem 
Conservation Project.
Sattar, S. A., Wood, E., Islam, F., & Najeeb, A. (2014). Current status 
of the reef fisheries of Maldives and recommendations for manage‐
ment. Darwin Reef Fish Project. Marine Research Centre/Marine 
Conservation Society (UK).
Shpigel, M., & Fishelson, L. (1989). Food habits and prey selection of 
three species of groupers from the genus Cephalopholis (Serranidae: 
Teleostei). Environmental Biology of Fishes, 24, 67–73. https ://doi.
org/10.1007/BF000 01611 
Skinner, C., Newman, S. P., Mill, A. C., Newton, J., & Polunin, N. V. C. 
(2019). Data from: Prevalence of pelagic dependence among coral 
reef predators across an atoll seascape. Dryad Digital Repository, 
https ://doi.org/10.5061/dryad.7jj53hb
Sluka, R. D., & Reichenbach, N. (1995). Grouper density and diversity at 
two sites in the Republic of Maldives. Atoll Research Bulletin, 438, 
1–16
Smith-Vaniz, W. F. (1995). Carangidae. In W. Fischer, F. Krupp, W. 
Schneider, C. Sommer, K. E. Carpenter, & V. Niem (Eds.), FAO species 
identification guide for fishery purposes. Eastern Central Atlantic. Rome, 
Italy: FAO.
Spalding, M., Ravilious, C., & Green, E. P. (2001). World atlas of coral reefs. 
Berkeley, CA: University of California Press.
Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & 
Semmens, B. X. (2018). Analyzing mixing systems using a new gener-
ation of Bayesian tracer mixing models. PeerJ, 6, e5096. https ://doi.
org/10.7717/peerj.5096
Stock, B. C., & Semmens, B. X. (2016a). MixSIAR GUI user manual.
Stock, B. C., & Semmens, B. X. (2016b). Unifying error structures in com-
monly used biotracer mixing models. Ecology, 97, 2562–2569. https ://
doi.org/10.1002/ecy.1517
Sweeting, C. J., Polunin, N. V., & Jennings, S. (2006). Effects of chemical 
lipid extraction and arithmetic lipid correction on stable isotope ra-
tios of fish tissues. Rapid Communications in Mass Spectrometry, 20, 
595–601. https ://doi.org/10.1002/rcm.2347
Tebbett, S. B., Goatley, C. H. R., Huertas, V., Mihalitsis, M., & Bellwood, 
D. R. (2018). A functional evaluation of feeding in the surgeonfish 
Ctenochaetus striatus: The role of soft tissues. Royal Society Open 
Science, 5, 171111. https ://doi.org/10.1098/rsos.171111
1574  |    Journal of Animal Ecology SKINNER Et al.
Vander Zanden, J. M., Casselman, J. M., & Rasmussen, J. B. (1999). Stable 
isotope evidence for the food web consequences of species inva-
sions in lakes. Nature, 401, 464–467. https ://doi.org/10.1038/46762 
Vander Zanden, M. J., & Rasmussen, J. B. (1999). Primary consumer δ13C 
and δ15N and the trophic position of aquatic consumers. Ecology, 80, 
1395–1404. https ://doi.org/10.1890/0012-9658(1999)080[1395:P-
CCAN A]2.0.CO;2
Vehtari, A., Gabry, J., Yao, Y., & Gelman, A. (2018). loo: Efficient leave‐one‐
out cross‐validation and WAIC for Bayesian models. R. package.
Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model 
evaluation using leave-one-out cross-validation and WAIC. 
Statistics and Computing, 27, 1413–1432. https ://doi.org/10.1007/
s11222-016-9696-4
Ward, E. J., Semmens, B. X., Phillips, D. L., Moore, J. W., & Bouwes, N. 
(2011). A quantitative approach to combine sources in stable iso-
tope mixing models. Ecosphere, 2, art19. https ://doi.org/10.1890/
es10-00190.1
White, J., Simpfendorfer, C. A., Tobin, A. J., & Heupel, M. R. (2013). 
Application of baited remote underwater video surveys to quantify 
spatial distribution of elasmobranchs at an ecosystem scale. Journal 
of Experimental Marine Biology and Ecology, 448, 281–288. https ://doi.
org/10.1016/j.jembe.2013.08.004
Williams, G. J., Sandin, S. A., Zgliczynski, B. J., Fox, M. D., Gove, J. M., 
Rogers, J. S., … Smith, J. E. (2018). Biophysical drivers of coral trophic 
depth zonation. Marine Biology, 165, 60. https ://doi.org/10.1007/
s00227-018-3314-2
Williams, I. D., Baum, J. K., Heenan, A., Hanson, K. M., Nadon, M. O., & 
Brainard, R. E. (2015). Human, oceanographic and habitat drivers of 
central and western Pacific coral reef fish assemblages. PLoS ONE, 
10, e0120516. https ://doi.org/10.1371/journ al.pone.0120516
Willis, T. J., & Babcock, R. C. (2000). A baited underwater video sys-
tem for the determination of relative density of carnivorous reef 
fish. Marine and Freshwater Research, 51, 755–763. https ://doi.
org/10.1071/mf00010
Wyatt, A. S. J., Falter, J. L., Lowe, R. J., Humphries, S., & Waite, A. M. 
(2012). Oceanographic forcing of nutrient uptake and release over a 
fringing coral reef. Limnology and Oceanography, 57, 401–419. https ://
doi.org/10.4319/lo.2012.57.2.0401
Wyatt, A. S. J., Lowe, R. J., Humphries, S., & Waite, A. M. (2013). 
Particulate nutrient fluxes over a fringing coral reef: Source-sink dy-
namics inferred from carbon to nitrogen ratios and stable isotopes. 
Limnology and Oceanography, 58, 409–427. https ://doi.org/10.4319/
lo.2013.58.1.0409
Wyatt, A. S. J., Waite, A. M., & Humphries, S. (2012). Stable isotope 
analysis reveals community-level variation in fish trophodynamics 
across a fringing coral reef. Coral Reefs, 31, 1029–1044. https ://doi.
org/10.1007/s00338-012-0923-y
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section at the end of the article.
How to cite this article: Skinner C, Newman SP, Mill AC, 
Newton J, Polunin NVC. Prevalence of pelagic dependence 
among coral reef predators across an atoll seascape. J Anim 
Ecol. 2019;88:1564–1574. https ://doi.org/10.1111/1365-
2656.13056 
